These authors, focusing on the seismic responses of a pile foundation of traffic viaduct, propose an innovative enhancement method of a pile foundation by surrounding cells like Wave Impeding Barriers (WIB) for design. The present WIB consists of a multiple number of soil-cement columns, which are arranged in cells around piles. Since nonlinear dynamic soil-pile interaction is unavoidable in strong earthquake motions at soft site, such behavior is simulated approximately by a two-dimensional FEM-BEM in time domain. The performance design is pursued by parametric studies in view of pile internal forces. Partial damage of the WIB makes the pile safe with less nonlinear response. The high-damping assumption for the WIB fill-in keeps the WIB within safe margin.
INTRODUCTION
Structures at soft ground are commonly supported by pile foundations. End-bearing RC-piles can transfer the dead loads of superstructures to the supporting stiff ground at certain depth. The current design practices have been carried out accordingly. However, in earthquake area, such deep foundations are susceptible to the horizontal loading significantly. In fact, in the late Great Hanshin Earthquake (1995) we evidenced a great deal of pile damage. The failures have centered mostly at pile heads or tips where the large internal forces occur, and even at presumably liquefied soil layers because of the consequent change of their properties, turning out apparently new soft layers. They have been documented in several technical reports. Hence, we may point out the importance of developing countermeasures against failures of pile body in case of strong earthquake motions, in conjunction with the highly nonlinear behavior of the neighboring soil.
The nonlinear soil-structure interaction should take care of the relevant stress-strain characteristic. Irregular hysteretic nature is commonly encountered in the seismic motions. The RC-pile bodies subject to superstructural weights indicate the coupled motions of bending moments and axial forces. The pile failure, therefore, should be interpreted by the yielding line of these internal forces, besides the specified hysteretic RC characteristic.
Safety considerations against excessive pile deformations in the lateral direction lead a variety of design concepts. Conventionally, it is preferred to improve the horizontal resistance of piles by increasing the pile sectional area or by increasing the number of piles. These design modifications 1) , however, should be taken in view of the dynamic soil-pile interaction. Alternatively, partial improvement of the neighboring soil has been attempted for enhancing the horizontal resistance 2) . In the seismic situation, however, Takemiya & Shimabuku 3)-5) found this procedure has an adverse Fig.2 Nonlinear dynamic models effect resulting in an increase of the internal forces in piles as the results of abrupt change of the surrounding stiffness. Takemiya and others 6) , 7) applied the WIB (Wave Impeding Barrier) instead that has been originally proposed for mitigating the traffic induced vibrations. This measure, different from the foregoing total soil improvement around piles, plural cells of soil improvement are used. See Fig. 1 for an illustration with use of honeycomb shaped WIB. Partial overlapping construction of the neighboring soil columns leads hard walls against original soft soils or fill-in of other high-damping materials. The cells structure increases the total stiffness without any global mass increase, although they have no direct contact with the foundation footing. They are expected to work not only for reducing seismic input by the cell stiffness but also for absorbing seismic energy by self-damaging in severe earthquakes. Therefore, the WIB design could meet the performance design concept that enables structural piles to escapG from the collapse. In this paper, the cell type WIB is investigated in order to enhance the seismic resistance of viaduct pile foundations. The computation of the proposed model is carried out by taking into account of the nonlinear mechanism of soils and piles. However, the 3-dimensional analysis, due to the so much sophistication, should be replaced by the equivalent 2-dimensional analysis with due attention to the cell properties. The time domain FEM-BEM solution method is taken for seismic computation since the nonlinear behavior is focused. The response time history leading to the pile failure is therefore checked stepwise by time increments. This paper, succeeding the authors' previous publication 7) , extended parameter studies of the WIB application more on the following aspects: (1) the equivalent 2-D modeling of honeycomb WIB; (2) optimization of the countermeasure based on performance concept; (3) fill-in by the higher damping material inside the WIB cells like soil mixed with asphalt or tire-shred. The findings through the present cases may give useful information for developing an optimal design of WIB enhanced pile foundation.
MODELING AND SOLUTION METHOD (1) Assumptions
Herein, strong earthquake motions of the so-called Level II in the Earthquake Resistant Design Codes in Japan 8), 9) are considered for input excitations to a targeted viaduct substructure. Under such situation, severe nonlinear responses of structures and the neighboring soil are inevitable so that the following assumptions and modeling are taken in the simulation.
a) Neighboring soil
Soil behavior is defined by the nonlinearity of degrading shear modulus with increasing shear strain. There have been many models proposed so far to describe such characteristics. The hyperbolic-type model was proposed by Hardin and Drnevich 10) on basis of many shear test results. This model (termed as H-D model hereafter) is now employed with the Massing assumption for the initial loading curve and the branch curves for unloading and reloading stages. Further, the technique to fulfill the supplementary requirements for irregular earthquake loading cases is implemented. Fig.2(a) illustrates the nonlinear stress-strain relationship in a steady-state harmonic motion. The initial shear modulus is denoted by max G and the reference strain that gives a half of the ultimate stress max τ is defined by r γ .
b) RC structures
Nonelastic behavior of reinforced concrete (RC) structures is modeled by the one component beam model as proposed by Giberson 11) by considering both swaying and rotational motions at both ends of each beam element. The hysteresis characteristic is represented by the Q-hyst model proposed by Saidi & Sozen 12) , and is modified by Shimabuku & Takemiya 3) in order to take into consideration of the relationship between yield bending moment and axial loading.
In the situation of a beam subject to bending and axial force as well, the normal stress to a beam face is obtained by the following equation,
where the notation M is the bending moment; I is the cross-sectional moment of inertia, and y is the distance of a focused point from the center axis of the section; N is the axial force and A is the beam sectional area. Therefore, as shown in Fig.2(b) , the yield bending moment M y is a function of the axial force N i . In the figure, the bending stiffness K 0 , K 1 , K 2 , and K 3 denote those at different loading stages of a RC beam element, corresponding respectively to the initial stiffness, the post-yield stiffness, the last uploading stiffness, and the last reverse loading stiffness. The varying axial force affects the yield point and the post-yield behavior. The yield bending moment at each computational time-step is reevaluated by referring to the bending moment-axial loading diagram of Fig.2 (c). The balanced point (M b , N b ) indicates the ideal state that both the concrete and the reinforcement steel bars start to yield simultaneously. Therefore, the points on the curve below (M b , N b ) denote the failure by yielding of the reinforcement, The WIB consists of a number of soil-cement columns and they are arranged basically in honeycomb-shaped cells in the plan view of Fig. 1 . These column walls are expected to resist against the seismic ground motions as a multiple shear walls along the depth. Although the 3-dimensional field can only make clear the relevant complex dynamics in the interaction with the neighboring soil, such sophistication is infeasible by the present-day computation software. Rather, it is more meaningful to take the 2-dimensional model to derive the useful results through the parametric studies. The first author has once compared the 2-dimensional and 3-dimensional responses in the range of linear behavior with respect to the cell configureation and confirmed a similar tendency between them in the range of important frequency range 13) . The comparison between the rigorous 3-dimensional model and the axisymmetric model proves that the latter resulted in a prediction of less response reduction to the former rigorous result 14) . Based on the above background knowledge, the WIB is modeled as several vertical walls connected by the transversal shear walls along the cross section as shown in Fig. 3 . The walls along the y-axis have a discrete layout, while the walls along z-axis are continuous so that they are further segmented into a number of blocks. Then the latter, after the weighted averaging in y-direction by thickness, are replaced equivalently by the diagonal truss elements in the illustration to substitutes the shear resistance of the honeycomb-shaped WIB walls. The relationship between a WIB wall and the corresponding truss elements is described on the basis of equal shear force, as
where the notations H and S denote the sectional areas of the trusses and the WIB respectively. ν is the Poisson ratio of WIB wall, and is the angle of the trusses against the horizontal direction. The n number of rows (1,…, i,i+1,…,n) of transversal walls of WIB are considered in the 2-dimensional program. The WIB behavior is expressed by the nonlinear relationship between the shear stress and shear strain of the columns. Since the 2-dimensional computation model is taken for the analysis, this nonlinearity can be represented by the relationship between the normal stress and the strain of the equivalent truss elements that is described by a bilinear hysteretic function. The yielding shear strain is taken according to 
in which r γ is the reference strain of the H-D model.
The WIB columns are presumed to be damaged when their shear strains exceed the ultimate strain u γ , which is set to 10 u r γ γ = in this paper in view of the engineering knowledge.
(2) FEM-BEM computation in time domain
The computer program for the present analysis was extended from the previously developed one 4) by a combined technique of the Finite Element Method (FEM) and the Boundary Element Method (BEM). This hybrid technique utilizes the respective advantages of the different discretization methods. The FEM covers flexibly the structure and the near field soil of complicated zone of the model, while the BEM fulfills the infinite boundary condition of the extended soil inherently. Therefore, the deeper stiff half space is included in the BE zone so that it makes a super finite-elements at the boundary. The seismic waves are considered in this zone, herein by the vertical incidence. The pier and piles of the foundation are modeled by beam elements and the near field soil is discretized by isoparametric solid elements. The wave field due to the soil-structure dynamic interaction may be limited mainly in the cone field from the foundation. This assumption leads the BE zone construction only near the bottom of the FE zone. Fig.4 is thus the computation model. Artificial high damping ratio is imposed on the side edge elements of the FE zone that is not neighbored by the BE elements, for absorbing the outgoing waves from the soil-structure interaction.
Regarding procedure in directly time domain computation, since the BEM, dealing with the far field of a homogenous linear material, includes the inertial field automatically in the kernel, a relative large time step may be accepted for discretization. On the other hand, the FE zone requires smaller time step for the inertial field of soft soils with inertial term computation stepwise. Thus, the BEM time step t ∆ is divided into N number of smaller time step F t ∆ for FEM; namely,
By assembling the stiffness matrix of the BE region to the global system matrix, and by adopting the weighted residual technique between the respective governing equations, the equations for the coupled FE-BE system at each time step n can be written in a form of incremental displacement responses,
where, the displacement vector { } F U CPF { } I U denote respectively those corresponding to the internal nodes and the interface nodes with the BEM domain is the out-of balanced load, which accounts for the difference between the actual nonlinear forces and the assumed linear forces, and is obtained by iterative scheme by the modified Newton-Raphson method to meet a preset allowable value. 
DESCRIPTION OF STUDIED CASES
A traffic viaduct foundation is employed here for an illustrative example. The span length of the girder is 30 meters between adjacent foundations, which is large enough to neglect the interaction effect among those supporting foundations through soils. Fig.1 depicts the sectional elevation of the viaduct-pile foundation-soil system. The foundation consists of five RC piles with diameter 1.8m each and 52m long, and they are assumed fictitiously surrounded by honeycomb-shaped WIB. The properties of the structures and the layered soil are listed in Table 1 and Table 2 . In view of the large deformation zone at piles in dynamic interaction with the structure, the WIB depth is determined by the active length from the Cheng's formula for a buried single pile. The pile in a uniform soil has a characteristic value β for the lateral deformation. 
where EI is the bending rigidity, D is the diameter of a pile, and H k is the horizontal soil reaction coefficient that is approximated by the average of the soil layers. The active length is given between β / 1 , above which significant deformation extends, and / 2 π β at which the bending moment is zero. The former gives rise to 9.5 m for the present piles. The Japan Highway Technical Center has studies a solid soil improvement around piles for enhancement 2) in which the soil improvement is proposed in the range from β / 1 to β π 2 / for depth. In this paper, The WIB depth varies also in this range for all the cases considered.
In the numerical modeling, the side columns of WIB cells that work for the shear resistance are discretized by the solid elements. These walls are connected by truss elements as illustrated in Fig.3 . Piles are numbered from left to right in Fig.1 to denote the left side pile, the center pile and the right side pile. The FEM-BEM computation model is illustrated in Fig.4 , where the close-by zone to the piles is meshed finer for the more precise responses requirement than elsewhere. For simplicity, the viaduct deck is just regarded as a lumped mass. The soil layers are divided into thinner sublayers for computation requirements. This subdivision should be made less than 1/5 of the predominantly propagating wavelength that is associated with a specified maximum frequency of the loading. Herein, 10 Hz is regarded as the maximum frequency.
After the devastating Hyogo-ken Nanbu earthquake, the Japanese codes have been revised to take into account of the large earthquake motions of so-called Level II 8) . In this study, the North-South component of the Hyogo-Ken Nanbu Earthquake record in Kobe (JMA-NS) is adopted as a representative excitation for such ground motion, and an artificially generated motion called S1-G1 is additionally used for a typical near-source earthquake 9) .
The time histories and Fourier spectra of these two earthquake records are depicted in Fig.5 . They have predominant frequencies respectively at 1.46Hz and 0.8Hz. Fig.6 illustrates the studied cases with respect to the WIB enhancement. The internal soil damping is considered as η = 0.05 for Cases A, B, C, and D. Case A is the original situation without any measures. The foundation of Case B is stiffened by several parallel walls of WIB properties below and around the footing. Case C takes into account of the honeycomb configuration by the diagonal truss bars connecting the separate walls in a 2-D model. Case B is considered for comparison with Case C to reveal the advantages of the properties of cell configuration. Case D extends the side columns and shortens the inside columns of the WIB to smooth the stiffness variation along depth. In Case E, the honeycomb cells of the WIB are filled with a high damping material, for which η = 0.15 is assumed, in order to absorb more energy during strong motions.
COMPUTATION RESULTS AND ANALYSES
The results from the parametric computation studies are interpreted to derive some useful information of how the anti-seismic countermeasure is optimized.
(1) Maximum bending moments Fig.7 shows the maximum bending moments of the foundation piles along depth. The static yielding bending moments for piles are indicated for reference by the vertical dashed lines. This value is obtained from the relationship between the bending moment and the axial force of RC beams in Fig.2 (b) . It is obvious that there exist different yielding sections by different depths due to the different numbers of reinforcement steel bars along piles. Actually, for the present pile foundation, the upper portion near the surface (down to 15m depth from the head) is provided with an appropriate reinforcement (52 bars of diameter 30mm), and the deeper two portions are respectively reinforced by the same 32 and 26 steel bars. Regarding the response profile along the pile length, Case A without the WIB indicates the feature of the predominant sway motion due to the kinematic interaction with the soil deformation 17) . Case B shows quite close to that of the Case A, which means that only side walls of WIB may not improve the behavior of the viaduct-pile foundation system against earthquake loadings. Case C uses the WIB A. This negative effect is caused by the sudden stiffness change at the interface of the WIB depth against the original soil. An idea to avoid such an unfavorable consequence is to smooth the stiffness change around the above interface, which will result in smoothly varied deformation of the piles all along depth. An optimized design is implemented in Case D by extending the side columns of WIB and by shortening the inside columns. Consequently, the response of Case D attains an improvement. Although the value reduced at the pile head is not as much as that of Case C, the peak value at G.L -11 m of Case C is shifted to the shallower depth with smaller values in this modified WIB by reflecting the stiffness changes of soil and WIB along depth. Since these peaks are below the allowable limit, the revised WIB may successfully be applied. The internal forces of the pier are also of interest. Fig.8 shows the maximum bending moment along (2) Time histories of bending moment at crucial depths Fig.9 depicts the time histories of the bending moment and rotation at the pile head, and Fig.10 shows the relationship between the bending moment and axial force. The significant nonlinear behavior of piles can be seen at the pile head in Case A and Case B. The bending moment vs. rotation relationship shows clearly the beam stiffness changes during the response, and the bending moment vs. axial force relationship indicates that the bending moment (b) S1-G1 Fig.11 Bending moment vs. Rotation relationship of Pile3 at G.L.-11.0 m exceeds the yielding value during the response. Case C and Case D result in obvious reductions of the internal forces at the pile head. Cases C and D give the nearly linear behavior of the bending moment in Fig.9 , so that the corresponding bending moments remain below the yielding limit, as shown in Fig.10 .
The internal force at the pile head demonstrates that the present analysis for the honeycomb-shaped WIB can lead to a significant response reduction at the critical section of the foundation. Fig.11 and Fig.12 illustrate the time history of the bending moment of pile at G.L.-11m depth, where the interface of soil and the WIB is located. The initial response of Case A is quite small at this depth, as well as that of Case B with WIB walls. Case C results in remarkable response reduction at pile head, but simultaneously leads to an unfavorable increase of internal forces at the depth of WIB tip. This negative effect of the measure of Case C is clearly Fig.11 and Fig.12 , especially for the JMA-NS seismic input. Because of the improved WIB in Case D, the obvious reduction is obtained at the pile head and the responses at the depth of the WIB tip are restrained in the safe range.
(3) Effect of fill-in material damping In order to take an countermeasure for the large deformation of the foundation for strong input motions, the higher damping materials may effectively used for the fill-in in the WIB cells for an increased energy absorption and consequently for the response reduction. In Case E, the WIB cells are filled with higher damping material. The mixture of soil and used tire shreds is such a kind of material. The configuration of this WIB measure in Case E is the same with that in Case D. Fig.13 shows the bending moment response of piles along depth of these two cases. The legend P2 and P3 in the figure denote Pile 2 and Pile 3, respectively. Some improvement is found in the figure, especially for the stronger JMA- Fig. 7. Fig.15 shows the final strain state of all the truss elements of Case D. The state indices are defined as -1, 0, 1 and 2 to describe respectively the failure, original linear, yielding and unloading/ reloading. It is noted that the WIB Comparing Case D and Case E, the latter results in a less failure possibility of the WIB due to the higher damping material of the fill-in. Both cases suggest that the present WIB may suffer from the preceding partial damages while keeping the inside piles undamaged.
(5) Response of neighboring soil The responses of piles are induced not only by the inertial interaction with the superstructure but also by the kinematic interaction directly from surrounding soil deformation. However, the pile head (b) S1-G1 Fig.16 Shear stress-strain time histories of a soil element inside the WIB motions has been changed from the original situation by the WIB presence to a new situation in which the soil-structure interaction due to the inertia seems to be more significant Fig.16 shows the hysteretic loops in the stress-strain relationship of a soil element inside the honeycomb WIB cells. From the comparison among the investigated cases, we can see the stress histories are similar, whereas the strain range is reduced substantially by the WIB installation, especially for the JMA-NS input motion. It indicates that the WIB measure restrains the deformation of the inside soil of WIB to a significant extent leading the reduction of pile response. In view of these restoring force characteristic of the piles and the WIB columns, optimizing the indirect reinforcement by the honeycomb WIB benefits the performance based rational design of the total system.
CONCLUSIONS
An innovative procedure by using soil improvement, called herein a WIB enhanced pile foundation for viaduct has been investigated from the seismic designing viewpoint. The 2-dimensional time do-main FEM-BEM analysis that considers the cell type WIB properties appropriately was conducted to simulate the behavior of the for the Level 2 earthquake input motions of the Japan Seismic Design Specification for Civil Engineering Structures.
From the present parametric analysis, we may conclude as follows: (1) A significant reduction of pile response can be obtained by the proposed cell type WIB around piles. (2) The size of the WIB can be optimized to attain a smooth variation of internal forces of piles along the depth based on the performance design concept. (3) A well-designed WIB-enhanced pile foundation can keep the internal forces of piles below the critical values at the important pile sections such as the head and the drastically changed surrounding stiffness. (4) In the case of severe earthquakes, it results in absorbing more seismic energy and protecting the piles from failure. (5) Higher damping effect of fill-in material in the honeycomb cells can reduce the degree of failure of the WIB columns by the internal energy absorption and then benefits the more response reduction of the whole system.
